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1. INTRODUCTION 

During the Industrial Revolution, the requirements for different forms of energy have increased 
dramatically, and the first choice for most applications is fossil fuels. This type of fuel is harmful and it had 
lead in searching for other sources of energy. Solar energy was the first of these sources, as it is a renewable 
energy, inexhaustible and clean energy. Investigations show that in one hour, the earth received energy from 
the sun enough to meet its needs for one year [1]. Photovoltaic (PV) system is considered one of the most 
important systems for the exploitation of solar energy and the most widespread. This type of system suffers 
from low efficiency compared with the other alternatives of sources as the energy generated by the 
photovoltaic module changes with the environmental conditions. Several methods can be used to increase the 
efficiency and performance of the PV module, Maximum Power Point Tracking (MPPT) is one of the 
common methods for increasing the efficiency of the PV module. 

As the photovoltaic I-V characteristics are nonlinear and affected by environment condition, the P-V 
characteristics are also nonlinear and have a unique maximum point. MPPT methods seek for the unique 
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maximum power point on the photovoltaic P-V characteristics at a certain condition and hence maximize 
its efficiency. 

Mainly there are two MPPT methods, direct and indirect, based on the implementation strategy. 
Direct methods, comprise the methods that use voltage and /or current measurement of the PV and its 
independent on prior knowledge of the PV characteristics while indirect methods are based on experimentally 
obtained databases. Many researchers have been reviewed these methods [2-6]. 

Viewing Intelligent methods such as an Artificial Neural Network (ANN) [7-9], Fuzzy Logic (FL) 
[10-12] and the Artificial Bee Colony (ABC) [13,14], show that they are mostly digital complex methods, 
requires a lot of calculations and expensive as they need to use powerful microcontrollers due to the 
enormous computational load. They have fast converged speed and the highest accuracy for 
tracking the MPP. 

The most efficient direct methods are Incremental Conductance (INC) [15-16], Perturb and 
Observation (P&O), Hill climbing (HC) [17-20]. These methods use algorithms for MPPT of the PVs. INC 
algorithm takes the incremental and momentary conductance as a base for construction. It senses PV current 
and voltage and use dI/dV to calculate the indication of dP/dV and adjusts the power converter duty cycle. 
P&O and HC measure the PV array voltage and current and calculate the power. It is mainly based on 
perturbation in the PV output voltage and observation of the result in power change of the PV array then 
compares this power with the previous power. These algorithms suffer from oscillation around the MPP 
during steady state and diverge from maximum point when rapid change of environmental conditions occurs 
which will lead to a higher power loss and hence low efficiency. 

Among of these methods the P&O which is the interest of this research are broadly utilized as it is a 
low cost, simple and easy to implement; besides it can be used practically in the microcontroller or Digital 
Signal Processing System [21]. To overcome the drawbacks of the conventional P&O method a modification 
is made on the main algorithm in order to increase the array efficiency [22]. 

Many researchers have been focusing on the improvements of the conventional P&O algorithm. 
Most researches presented a variable perturbation step size [23-26] others dealing with modified and adaptive 
fixed step size perturbation [27, 28]. A P&O algorithm with fixed step must be chosen carefully, large step 
size causes a higher power loss, as the tracked maximum point is far from the real MPP. Using a small step 
size, lead to slow transient response of the system and will influence the overall performance 
the PV array [23]. 

This paper presents a comparison between conventional and modified P&O algorithm which is 
found in [27] to track the maximum power point of a PV system with fixed perturbation step and double 
perturbation step using Buck converter. The Buck converter is used here for its high efficiency and wide 
range of applications such as in self-regulated power supplies and point of load (POL) converters. P&O 
technique that's used in PVs MPPT needs only two sensors, one for measuring the PV output voltage and the 
other for measuring the PV output current, the power is then can be calculated. The algorithms compare the 
PV voltage and the calculated power periodically with the voltage and power of the previous perturbation 
step and then control the duty cycle of the connected DC-DC converter to maximize the power output from 
the PV. 

The modified P&O algorithm is used to increase the PV array efficiency and overcome the 
drawbacks of the conventional P&O for MPPT at steady state as well as during rapid and slow irradiation 
level change. This is so done by taking variation in the PV current as an additional parameter to the 
conventional P&O which takes only the change in voltage and power. A double perturbation step size is 
taken as the tracking is deviated from the maximum point. This will reduce the oscillation around the MPP, 
reduce the losses and will lead to a faster response and hence increase the efficiency. A buck DC-DC 
converter which is a step down converter is utilized in order to match the output load to the PV array to fulfill 
the maximum power transfer. 


2. MPPT PHOTOVOLATIC SYSTEM STRUCTURE 

The main part of the solar system is the photovoltaic source, which generates DC electrical power 
when exposed photons. For transferring the maximum power from the PV to the load it is necessary to match 
the load impedance with the source impedance of the PV array. To do such a DC-DC converter is inserted 
between the PV array and the load. As the output power of the PV panel is variable according to the 
environmental conditions, the duty cycle of the converter must be controlled for maximum power transfer. 

A form of maximum power point tracking is used for an accurate and fast result. The general block 
diagram of the MPPT PV system is shown in Figure 1. The main parts of the proposed system, is the PV 
array, the converter and the MPPT controller which is using the P&O algorithm approach. 
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Figure 1. Block diagram of the proposed PV system with MPPT 


2.1. PV array modeling 

Modeling of PV arrays for different atmospheric conditions is an essential issue in designing the size 
of a PV system and its MPPT controllers. Different modeling has been presented in many researches [29, 30]. 
This research takes the single diode model shown in Figure 2 as an equivalent circuit for the PV array. 





H 





Figure 2. Single—diode PV model 


The photovoltaic array consists of a series —parallel connected combination cells, therefore the PV 
output current J, can be expressed as: 


Ip» = lpn — Is exp (ee) -1| —— (1) 


where, [pn 1S Upnsceit Np), Ls 18 Us,cen Ns) are the PV and saturation currents of the array which is a combination 
of series and parallel connected cells, Ns and N, respectively . Vr = kT/q represents the thermal voltage of the 
PV cell, g is the charge of the electron (1.602*10-1°C), k represents the Boltzmann constant (1.3806503.10° 
?3J/K), T is the temperature of the junction in Kelvin (K), a represents the diode ideality constant (1 < a < 
5) and R, [rs (Ns/Np)] and R, [rp (N/N,)] gives the equivalent series resistance and equivalent parallel 
resistance of the module respectively, as rs and rẹ, are the PV cell series and parallel resistance. 

The (1) 1s nonlinear and shows that the I-V characteristics of the PV array depend on the internal 
passive parameters of the device (R, Rp). It is also depending on the solar insolation (irradiation) level and 
temperature. The change of irradiance and temperature has an effect of the PV array current and voltage as 
given in the following equations: 


lpn = [pan + Ki(T = Tr] = (2) 
Voc = [Voen + K,(T — Ta )| (3) 
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Where the subscript n represents the nominal operating condition (usually taken as 7,=298 K and 
G,=lkW/m’), Ki and K, are the short circuit current/temperature coefficient and the open-circuit 
voltage/temperature coefficients of solar cell respectively. 

From the I-V and P-V characteristics for different irradiation which are shown in Figures 3 (a and b) 
respectively, it is clear that for every level of irradiation there is a unique point where the entire system is 
able to work with maximum efficiency. This point is the maximum power point (MPP). 
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Figure 3. Photovoltaic (a) I-V characteristics (b) P-V characteristics 


2.2. DC/DC converter 

When a PV module is used in a system the operating point is decided by the connected load. The 
efficiency of the PV system can be improved if the PV module is operated at maximum power point 
irrespective of the varying atmospheric conditions. The MPPT mechanism depends on the basics of 
impedance matching between the PV array and the load, which is essential for maximum power transfer. A 
DC to DC converter is used to attain the MPP from the PV array [23]. 

Several types of DC-DC converter has been handled for PV system implementations in the 
literature. Some of them use boost converters which is used to step up the output voltage, buck converter for 
step down the output voltage and buck-boost, Cuk and single ended primary inductor converter (SEPIC) are 
used to either step up or step down [27-29,31-34]. 

DC-DC buck converter is used in the present study for interfacing loads that require low input 
voltage. It is the simplest types among of the converters and it has the lowest part count. The size of the 
inductor is smaller than the other which have the same output power, and this will make a buck converter 
more efficient. As Buck converter is stable, it can be operated at full range of duty cycle [35]. It is commonly 
used for storing energy from PV into the battery [36]. 

The circuit configuration of DC-DC buck converter is shown in Figure 4, it mainly consists of a 
diode, a switch, an inductor and a capacitor. By changing the duty cycle of the switch, the load impedance 
can be matched with source impedance to attain the maximum power from the PV panel. For continuous- 
current mode of operation, assuming a MOSFET switch, as the switch is on state for a time duration of ton the 
inductor current passes through the switch then the diode becomes reverse biased. A positive voltage will 
then appear across the inductor which causes a linear increase in the inductor current ip, As the switch is 
turned off, i, continues to flow as a result of the inductive energy storage. This current will flow through the 
diode and decreases. The average output voltage can be calculated in terms of the switch duty ratio as [23]: 


Ton 

Yo = TT Vin (4) 
Ton 

p=% (5) 


where Vinis the input to the converter from the PV, V, is the output of the converter delivered to the load, T is 
the converter duty cycle and Tonis the on the MOSTEF on time. 

For the buck converter, the value of the filter inductance that determines the boundary between 
Continuous conduction mode (CCM) and discontinuous conduction mode (DCM) is given by (6) [37]: 


1-D)R 
Pe Tan (6) 


where œR is the load resistance and f; is the switching frequency. 
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For limiting the converter output voltage ripple lower than a certain value V,, the output filter 
capacitance C must be greater than Cmin which can be given by the (7): 


(1-D)Vo 
~ BV, Lf? (7) 





If the PV output current ripple is taken less than 2% of its mean value, then the value of input 
capacitor can be calculated using (8) [38]: 


1-D Iom D 
Ca > ( cm) om *cm (8) 
0.02 Ipym Rpvmfs 


Where Dem is the converter duty cycle; Iom 1s the output current dc component; J,,, 1s the converter input 
current and Rpymis the PV array internal resistance, when PV operate at MPP. Rpm 1s defined as 


Vinm 
Rovm = Tom (9) 


Where Vinmis the PV array output voltage at the maximum power point. 





Figure 4. DC-DC buck converter main circuit 


2.3. Perturb and observe (P&O) MPPT algorithm 
2.3.1.Conventional P&O 

P&O algorithm is widely used in MPPT because of their simple structure and few required 
measurement parameters. The concept of the algorithm is to increase or decrease the PV array voltage, then 
the effect of this change on the PV generated power will be observed [39]. As a result, the controller will 
change the converter duty cycle using pulse width modulation to achieve maximum power transfer to the 
load. If the new computed power is greater than the old one, the controller keeps the same direction of the 
duty cycle and 1f the power falls, the controller reverses the direction of the duty cycle. A simple flow chart 
of the conventional P&O is shown in Figure 5. 

The P&O shows tracking failure under rapid environmental condition changes as illustrated in Fig. 6 
. Under the constant G1, the point MPP1 must move to B by a positive perturbation step (+AV), then it would 
return to MPP1 by a negative perturbation step (-AV) as a result of comparing powers between MPP1 and B. 
Suppose that the (P-V) characteristic is suddenly changed from G1 to G2 because of irradiation change. 
However, the MPP1 will move to D due to the changed P-V characteristic G2. In this case, the next 
perturbation must be negative for moving from D to MPP2(as AP,y>0), but D will jump oppositely to E due 
to the positive perturbation (+AV). 

The P&O controller orders the positive perturbation as the result that the power at D is still higher 
than the power at MPP1. This phenomenon disturbs the controller to track toward the new MPP immediately 
when the environmental condition is changed. This will result in successive power loss [26]. 

To overcome the drawbacks of the conventional P&O a modified P&O algorithm has been used for 
an accurate and faster MPPT during slow and sudden changes of irradiation. 
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Figure 6. MPPT tracking loss under 
sudden irradiation change [26] 
Figure 5. Conventional P&O Flow Chart 
For MPPT PV System 


2.3.2.Modified P&O algorithm 

P&O technique needs only two sensors to measure the PV output voltage and current and hence the 
PV power is calculated. The modified P&O algorithm differs from the conventional one by adding the 
variation in PV current as a third parameter in the flow chart. This new algorithm is capable of eliminating 
the MPPT deviation from the tracking way. The modified P&O flow chart is shown in Figure 7. It is clear 
that there are eight cases of the operating point perturbation. Four cases are for the fixed irradiation and the 
remaining four cases are for the rapid change of irradiation level [27]. 

Table 1 presents the eight cases after the application of perturbation; the result of power difference 
gives either correct or the incorrect MPP tracking direction and the corresponding resulting control signal to 
the converter (duty cycle). For a fixed irradiation (G is constant) on the PV array, an opposite sign change of 
voltage and current (cases 1,2,3 and 4) results from the algorithm. The other four cases (cases 5, 6, 7 and 8) 
are for the variable irradiation level (G increases or decreases). The algorithm will run as the 
conventional&O for fixed irradiation and as the irradiation level varied, the modified algorithm will work in 
reverse of the conventional one to attain the MPP. 

For increasing the perturbation tracking speed, a double step is taken as the tracking is deviated from 
the MPP (Incorrect cases 2,4,6,8). This will enable the algorithm to distinguish whiter the change in power is 
resulting from the change irradiation or due to the perturbation in reference voltage, and hence avoiding 
MPPT deviation. 
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Figure 7. The modified P&O flow chart 


Table 1. The different control action for the modified P&O algorithm 
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3. SMULATION AND DISCUSSION 

The P&O algorithm for both conventional and modified technique is tested using the PV system 
with PV panel (1Soltech 1STH-215-P). The model is implemented using Matlab/Simulink(2018b) package. 
The parameters of the PV panel that has been used in this work are illustrated in Table 2. The array consists 


of 4 parallel panel and 6 series panels. PVarray, I-V and P-V characteristics had been shown in figure 3. 
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The PV array is connected to a buck converter through an input capacitor Cin of (0.8 F). The 
converter inductor and output capacitor values are selected to be (162 uH) and (5 F) respectively, assuming 
that the switching frequency is (1kHz) and the output voltage ripple is (5 mV). 
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Table 2. PV panel parameters model 1Soltech 1STH-215-P 


Parameters Value 
Maximum Power(W) 213.15 
Open circuit voltage Voc(V) 36.3 
Short circuit current Isc (A) 7.84 
Voltage at maximum power point Vmp(V) 29 
Current at maximum power point Imp(A) 7.35 
Temperature coefficient of Voc (%/deg.C) -0.36099 
Temperature coefficient of of Isc(%/deg.C) 0.102 
Diode saturation current Id(A) 0.98117 
Shunt resistance Rsh (Q) 313.3991 
Series resistance Rs(Q) 0.39383 


3.1. Conventional P&O algorithm Performance under standard test conditions (STC) 

The PV array is tested under STC (G=1000 W/m’, T=25°C) with conventional P&O MPPT 
controller having a fixed step size (AD) of 1 x 10~°s .The control signal is applied to the buck converter to 
maximize the output power from the PV array. Figure 8 presents the simulation of the array output voltage, 
current, power and duty cycle of the converter. At steady state (time =17.5 s), and after comparison with I-V 
and P-V characteristics of the PV array shown in figure 3 the simulation results show that the algorithm has a 
good tracking for the maximum power point of the PV array (ImMpp= 29A, Vupp2174 and Pmr £5100 W). 
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Figure 8 Conventional P&O algorithm performance MPPT under STC (G=1000 W/m?, T=25°C). 
PV array (a) voltage (b) current (c) power and (d) Converter duty cycle 


3.2. Modified P&O algorithm Performance under variable irradiation level 

To verify the performance of the modified P&O MPPT algorithm under variable irradiation level, an 
arbitrary irradiation level profile is used as an input to the PV array as shown in Figure 9. 

Both conventional and modified P&O MPPT algorithms have been simulated and compared with 
the ideal MPP of the PV array under slow and rapid irradiation level change. This comparison is illustrated in 
Figure 10. By applying irradiation level profile with 600 W/m? (from 0 to 30 s) the simulation has proved 
that the modified P&O is faster to attain the steady state than the conventional algorithm (17s v's 23s). The 
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oscillation for the modified P&O is less than the conventional and hence the power loss is lower for the 
modified P&O. 

For slow irradiation level change (ramp up 600 W/m? to 1000 W/m? which is applied between time 
30s-35 s and ramp down 1000 W/m? - 800 W/m/’applied between time 40s-45 s), the modified P&O shows 
less diverge from the ideal MPP. As the irradiation level changes rapidly (800 W/m? to 200 W/m? at time 
50s), it's clear that the modified algorithm attains the steady state faster than the conventional P&O (65s v's 
78s) and this will also decrease the power loss as the modified algorithm is used. 

Figure 12 illustrates the difference between the modified and conventional P&O efficiency. The 
simulated figure shows that the oscillation for the modified algorithm is less than the conventional and the 
power loss is less. The average efficiency of the modified P&O is greater than the conventional by 4.34%. 
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Figure 11. MPPT comparisons for modified and conventional P&O algorithm 


4. CONCLUSIONS 

Global interest has become very great with the use of solar energy systems as a source of clean 
electric energy. One of the main problems that solar energy systems suffer from being the change in the 
power production of the solar panels as a result of changing weather conditions such as solar irradiation that 
may result from the presence of shadows caused by neighboring buildings or clouds... etc. The change in the 
production power caused by the presence of shadows is a rapid change. Therefore, solar energy systems 
operating in these conditions need to have a smart tracking algorithm for the maximum power point that solar 
cells generate at every moment. The P&O tracking algorithm is considered a simple way to track the 
maximum power point, which depends on perturbating the voltage of the solar panels to track the PV 
maximum power point, but this method suffers from oscillation around the MPP during steady state and 
diverge from maximum point when rapid change of environmental conditions occurs. Therefore, in this paper 
a modified P&O algorithm has been used by adding another parameter which depends on measuring the 
amount of change in current in addition to the voltages to find the maximum power point. The algorithm has 
been used to control the duty cycle of a DC-DC buck converter to maximize the power output from the PV. 
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The simulation shows that during constant irradiation (600 W/m” the modified P&O algorithm has 
the ability to attain the steady state faster than the conventional one. As the irradiation level changes rapidly 
from 800 to 200 W/m?, the modified algorithm attains the steady state faster than the conventional P&O. The 
power loss due to oscillation is less for modified P&O. For slow irradiation level change (ramp up 600 to 
1000 and ramp down 1000-800) W/m?, the modified P&O shows less diverge from the MPP. The average 
efficiency of the modified P&O is greater than the conventional one by 4.34%. 
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